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Abstract
We consider a recently proposed supersymmetric radiative seesaw model which is coupled
with the minimal supergravity. The conventional R parity and Z2 invariance are imposed,
which ensures the existence of a multi-component dark matter system. We assume that
the pair of the lightest neutralino χ˜ and the fermionic component ξ˜ of the inert Higgs
supermultiplet is dark matter. If ξ˜ is lighter than χ˜, and the lightest neutral inert Higgs boson
is kinematically forbidden to decay (third dark matter), the allowed region in the m0-M1/2
plane increases considerably, where m0 and M1/2 are the universal soft-supersymmetry-
breaking scalar and gaugino mass, respectively, although the dominant component of the
multi-component dark matter system is χ˜. There is a wide allowed region above the recent
LHC limit.
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1
The minimal supersymmetric model (MSSM) is one of the attractive extensions of
the standard model (SM) [1]. Especially, if it is coupled with the minimal supergravity
(mSUGRA)1 the supersymmetry (SUSY) breaking sector is drastically simplified [3], and
we have at hand a constrained MSSM (CMSSM) with the universal and flavor-diagonal soft-
SUSY-breaking parameters. Because of this simplicity the allowed parameter region in the
SUSY breaking sector has become smaller and smaller as more and more experimental data
have become available [4–8]. A severe constraint also comes from the relic density of dark
matter [9] if one assumes that the dark matter candidate is the lightest neutralino [10, 11].
If it is displayed in the m0 -M1/2 plane for a given value of tanβ, where tan β is the ratio
of the vacuum expectation value of the up-type Higgs field to that of the down-type Higgs
field, m0 and M1/2 are the universal soft scalar and gaugino mass at the unification scale
MGUT, the allowed region is only a narrow strip [12].
The constraints on the soft-SUSY-breaking parameters may be relaxed in various ways
as reviewed e.g. in [4, 6]. Here we will consider a supersymmetric extension [13, 14] (see
also [15]) of the model of [16], in which the neutrino mass and mixing are generated in
higher orders of perturbation theory [17]. In a class of recent radiative seesaw models
the tree-level neutrino mass is protected by an extra discrete symmetry Z2 which, if it is
unbroken, ensures the existence of a Z2 odd stable particle, a potential candidate for dark
matter [16, 18] 2. It has been shown for the model of [16] that the lightest right-handed
neutrino can become a realistic dark matter candidate [29] (see also [30]). A motivating
reason to supersymmetrize this type of models is that because of the extended Higgs sector
the models are meaningful only up to energies ∼ few TeV [31] and supersymmetry can
considerably improve this situation. There will be a set of potential candidates for dark
matter in the supersymmetric radiative seesaw models [13, 14], because in addition to Z2,
the usual R parity is assumed. To exhaust all such possibilities is certainly interesting, but
it will be beyond the scope of the present Letter. Here we will assume that the lightest
neutralino χ˜ and the lightest inert higgsino ξ˜ are dark matter candidates. This combination
of the dark matter particles has not been considered in the past. The lightest inert Higgs
boson ξ, which is heavier than χ˜ and ξ˜ by assumption, can become the third candidate, if
its decay is kinematically forbidden. We will show that in the parameter region, where the
decay of ξ is kinematically not allowed, the allowed region in the m0 -M1/2 plane increases
considerably, if ξ˜ is lighter than χ˜.
In the supersymmetric extension [13, 14] of the model of [16], a product of abelian dis-
crete symmetries R×Z2×ZL2 is assumed to be intact. The discrete Z2 forbids the tree-level
neutrino mass, and ZL2 is the discrete lepton number, while R is the usual R parity. The
matter content of the model with their quantum numbers is given in Table I. L, Hu,Hd and
ηu,ηd stand for SU(2)L doublets supermultiplets of the leptons, the MSSM Higgses and
the inert Higgses, respectively. The MSSM quarks are Q,UC and DC as usual. Similarly,
SU(2)L singlet supermultiplets of the charged leptons and right-handed neutrinos are de-
noted by EC and NC . The gauge singlet supermultiplet φ is an additional neutral Higgs
1 We use the definition given by the Particle Data Group [2].
2 A variety of similar models have been recently constructed in [19–24]. Leptogenesis [25] in radiative seesaw
models has been discussed in [26], and baryogenesis [27] in [21, 28].
2
L EC NC Hu Hd ηu ηd φ
R× Z2 (−,+) (−,+) (−,−) (+,+) (+,+) (+,−) (+,−) (+,−)
ZL2 − − − + + + + +
TABLE I: The matter content and the quantum number. R×Z2×ZL2 is the unbroken discrete symmetry.
The quarks of the MSSM are suppressed in the Table.
supermultiplet which is needed to generate neutrino masses radiatively. The superpotential
is W = WY +Wµ, where
WY = Y
u
ijQiU
C
j H
u + Y dijQiD
C
j H
d + Y eijLiE
C
j H
d + Y νijLiN
C
j η
u
+λuHdηuφ+ λdηdHuφ , (1)
Wµ = −µHHuHd + (MN )ij
2
NCi N
C
j + µηη
uηd +
1
2
µφφ
2 . (2)
The soft-SUSY-breaking Lagrangian is LSB = LA + Lm2 + LB, where
LA = huijQ˜iU˜Cj Hu + hdijQ˜iD˜Cj Hd + heijL˜iE˜Ci Hd + hνijL˜iN˜Cj ηu
+hλuH
dηuφ+ hλdη
dHuφ+ h.c. , (3)
Lm2 = −(m˜2Q)ijQ˜iQ˜∗j − (m˜2U)ijU˜Ci U˜C∗j − (m˜2D)ijD˜Ci D˜C∗j − (m˜2L)ijL˜iL˜∗j
−(m˜2E)ijE˜Ci E˜C∗j − (m˜2N )ijN˜Ci N˜C∗j −m2HuHuHu∗ −m2HdHdHd∗
−m2ηuηuηu∗ −m2ηdηdηd∗ −m2φφφ∗ , (4)
LB = −(BHHuHd + (BN )ij
2
N˜Ci N˜
C
j +Bηη
uηd +
1
2
Bφφ
2 + h.c.) . (5)
Our notation is such that the component fields with a tilde have odd R parity. Since the
model is coupled with the mSUGRA, the soft-SUSY-breaking parameters are universal and
flavor-diagonal at MGUT and the underlying parameters are
3
m0 , M1/2 , A0 , tanβ , sign(µH) , µη , µφ , MN , Bη , Bφ , BN . (6)
It is essential for the radiative seesaw model that the discrete symmetry Z2 is unbroken.
Since our model is coupled with the mSUGRA, it is not obvious that Z2 is not spontaneously
broken at low energy. We assume that there exists a set of the boundary conditions atMGUT
such that Z2 remains unbroken. Furthermore, the Yukawa couplings Y
ν
ij are the important
ones for the radiative generation of the neutrino mass. They need not be necessarily small.
3 Since the matter content of the present model is different from that of the MSSM, the unified soft
parameters m0 and M1/2 cannot be directly identified with those of the MSSM. In the renormalization
group (RG) running we add a pair of dC and d¯C (3 and 3 of SU(3)C) to obtain gauge coupling unification.
So, for the gaugino mass we have M1/2 = M
MSSM
1/2 (αGUT/α
MSSM
GUT ) ≃ 1.2 MMSSM1/2 . This change of M1/2
can take into account the dominant change in the RG running of m0 so that m0 can be approximately
identified with mMSSM0 . We assume that d
C and d¯C are Z2 odd, so that a Yukawa coupling of the form
Q dCηd is possible. This Yukawa coupling will contribute to the RG running. Here we assume it is
negligibly small.
3
R× Z2 × ZL2 Bosons Fermions
(−,+,+) h˜u0, h˜d0, Z˜, γ˜
(−,−,+) η˜u0, η˜d0, φ˜
(+,−,+) ηu0, ηd0, φ
(−,−,−) N˜C
(+,−,−) NC
(−,+,−) ν˜L
TABLE II: The dark matter candidates. ηu0 and ηd0 are the neutral scalar components of ηu and ηd,
respectively. The (+,+,−) candidates are dropped, because they are the left-handed neutrinos.
Therefore, they drive the soft-SUSY-breaking scalar mass matrix m˜2L to deviate from the
universal, flavor-diagonal form so that lepton flavor violations are generated at low energy
[32]. Here we assume that we can impose certain constraints on Y νij to suppress the lepton
flavor violations without having contradictions with the observed neutrino mass and mixing.
There are many candidates for the dark matter in this model [13, 14]. The lightest
combination of each row in Table II could be a dark matter. In this Letter we assume that
the lightest combination (denoted by ξ˜) of η˜u0, η˜d0, φ˜, the lightest combination (denoted by
ξ) of ηu0, ηd0, φ and the lightest combination (denoted by χ˜) of h˜u0, h˜d0, Z˜, γ˜ are dark matter
particles. So, χ˜ is the lightest supersymmetric particle (LSP) in the MSSM sector. Since
the relic density of ξ˜, Ωξ˜h
2 for instance, can vary in principle from 0 to the experimentally
observed value ≃ 0.11 [9], the relic density Ωχ˜h2 can also vary in the entire interval below the
maximal value. Since the spectrum in the inert Higgs sector plays a crucial role in evaluating
the relic densities, we first discuss it in some detail before we come to the calculation of the
relic density of the dark matter particles.
The inert SU(2)L doublet Higgs supermultiplets {scalar, fermion} are defined as
ηu =
(
{ηu+ , η˜u+}
{ηu0 , η˜u0}
)
, ηd =
(
{ηd0 , η˜d0}
{ηd− , η˜d−}
)
. (7)
Further we decompose the neutral fields into the real and imaginary parts as ηu0 = (ηu0R +
iηu0I )/
√
2, ηd0 = (ηd0R + iη
d0
I )/
√
2 and φ = (φR + iφI)/
√
2. Then the mass matrix of the CP
even neutral inert Higgs fields can be written as
m2ξ0
R
=


Xuu ǫBη + λ
uλdsβcβv
2/2 Xuφ
ǫBη + λ
uλdsβcβv
2/2 Xdd Xdφ
Xuφ Xdφ µ
2
φ +m
2
φ + ǫBφ + [(λ
usβ)
2 + (λdcβ)
2]v2/2

 (8)
with ǫ = 1 in the (ηu0R , η
d0
R , φR) basis, where
Xuu = m
2
ηu + µ
2
η − c2βM2Z/2 + (λucβv)2/2 , (9)
Xdd = m
2
ηd + µ
2
η + c2βM
2
Z/2 + (λ
dsβv)
2/2 , (10)
Xuφ = −[(λdµη + ǫλuµH)sβ + (λuµφ − ǫhλu)cβ]v/
√
2 , (11)
Xdφ = −[(λuµη + ǫλdµH)cβ + (λdµφ − ǫhλd)sβ]v/
√
2 , (12)
4
and sθ(cθ) represents sin θ(cos θ). In deriving the mass matrix (8) we have assumed that all
the parameters appearing in (1)∼ (5) are real. The eigenvalues of m2ξ0
R
in ascending order
are denoted by m2ξ0
Ri
(i = 1, 2, 3), and the eigenstates are denoted by ξ0Ri:
 η
u0
R
ηd0R
φR

 =

 CRij



 ξ
0
R1
ξ0R2
ξ0R3

 . (13)
The mass matrix m2ξ0I
for the CP odd components can be obtained from (8) with ǫ = −1,
where we denote their eigenstates by ξ0Ii. The mass matrix for the charged inert Higgs fields
is given by
m2ξ+ =
(
m2ηu + µ
2
η − c2β(1− 2c2W )M2Z/2 −Bη
−Bη m2ηd + µ2η + c2β(1− 2c2W )M2Z/2
)
(14)
in the basis of (ηu+, (ηd−)∗). The eigenvalues of (14) are m2
ξ+
1
and m2
ξ+
2
with m2
ξ+
1
< m2
ξ+
2
,
and the eigenstates are
(
ηu+
(ηd−)∗
)
=

 C+kl


(
ξ+1
ξ+2
)
. (15)
Because of the boundary conditionsm2ηu = m
2
ηd = m
2
φ = m
2
0 at the unification scaleMGUT,
the soft scalar masses are constrained. At low energy we expect that m2φ < m
2
ηu < m
2
ηd ,
because φ is gauge singlet, and
d(m2ηd −m2ηu)(µ)
dµ
∼ − 6
16π2
m20 Tr[Y
ν(Y ν)T ] < 0 . (16)
Further, neglecting the D-term contributions along with the assumption of small λu,d and
hλu,d in (8), we find that the upper bound of the smallest eigenvalues of m
2
ξ0
R,I
and m2ξ+
(m2ξ0R,I1
and m2
ξ+
1
) can be written as
m2ξ0
R,I1
, m2
ξ+
1
<∼
1
2
(m2ηu +m
2
ηd) + µ
2
η − |Bη| . (17)
Since the soft mass Bη is a free parameter, we regard m
2
ξ0R1
(≃ m2ξ0I1 ≃ m
2
ξ+
1
) as a free parame-
ter. Under the assumption mentioned above, we may approximately write the lightest mass
eigenstates as
ξ0R1 ≃
1√
2
(ηu0R − ηd0R ) , ξ+1 ≃
1√
2
(ηu+ + (ηd−)∗) , (18)
and similarly for ξ0I1. In Table III we summarize the approximate mass eigenstates with
their approximate mass eigenvalues squared .
We next come to the inert higgsino sector. The charged inert higgsinos η˜u+ and η˜d− form
a Dirac spinor ξ˜+ with the mass Mξ˜+ = µη. The mass matrix of the neutral inert higgsinos
is given by
Mξ˜0 =


0 µη −λucβv/
√
2
µη 0 −λdsβv/
√
2
−λucβv/
√
2 −λdsβv/
√
2 2µφ

 (19)
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Mass eigenstate Composition Mass
ξ0R1 (η
u0
R − ηd0R )/
√
2 m2
ξ0
R1
≃ m20 + µ2η + 0.4M21/2 −Bη
ξ0R2 φR m
2
ξ0R2
≃ m20 + µ2φ +Bφ
ξ0R3 (η
u0
R + η
d0
R )/
√
2 m2
ξ0R3
≃ m20 + µ2η + 0.4M21/2 +Bη
ξ0I1 (η
u0
I + η
d0
I )/
√
2 m2
ξ0I1
≃ m20 + µ2η + 0.4M21/2 −Bη
ξ0I2 φI m
2
ξ0
I2
≃ m20 + µ2φ −Bφ
ξ0I3 (η
u0
I − ηd0I )/
√
2 m2
ξ0
I3
≃ m20 + µ2η + 0.4M21/2 +Bη
ξ+1 (η
u+ + (ηd−)∗)/
√
2 m2
ξ+
1
≃ m20 + µ2η + 0.4M21/2 −Bη
ξ+2 (η
u+ − (ηd−)∗)/√2 m2
ξ+
2
≃ m20 + µ2η + 0.4M21/2 +Bη
TABLE III: The mass eigenstates ξ0R,Ii and ξ
+
k with positive Bη and Bφ. The order changes depending
on the size and sign of Bη and Bφ. The decomposition into the flavor eigenstates and the mass eigenvalues
squared are approximate: We neglected the D-term contributions and assumed that the Yukawa couplings in
the lepton sector including λu, λd, hλu and hλd are small. Here we have assumed that ξ
0
R,I1 consists mostly
from ηu0R,I and η
d0
R,I . m0 and M1/2 are the universal soft scalar mass and the universal gaugino mass at the
unification scale, respectively. (See the comment of footnote 3.)
in the (η˜u0, η˜d0, φ˜) basis. The mass eigenstates ξ˜0i with the massMξ˜0i
(Mξ˜ ≡ Mξ˜0
1
) are defined
as 

η˜u0
η˜d0
φ˜

 =

 C˜0ij




ξ˜01
ξ˜02
ξ˜03

 . (20)
The lightest one ξ˜ = ξ˜01 is the dark matter candidate and is a linear combination of the form
ξ˜ = ξ˜01 = (C˜
0
11)
∗η˜u0 + (C˜021)
∗η˜d0 + (C˜031)
∗φ˜ . (21)
One can show from (19) that the charged inert higgsino is always heavier than the dark
matter ξ˜.
The annihilation rate of ξ˜ depends on the mixing parameters C˜0i1 in (21), because the
dominant contributions to the rate are due to gauge interactions and φ˜ has no gauge coupling.
If ξ˜ is η˜-like, the ξ˜ behaves like a higgsino-like χ˜ of the MSSM so that the annihilation cross
section tends to be large. It decreases as ξ˜ contains more φ˜. So, the annihilation cross
section can be controlled by C˜0i1. Therefore, the relic density Ωξ˜h
2 can vary from a small to
the observed value ≃ 0.11 [9]. That is, Ωχ˜h2, too, may assume a value <∼ 0.11. In Fig. 1
we plot the allowed region (green) in the m0 -M1/2 plane. The red area is the region for
Ωχ˜h
2 = 0.1126± 0.0036 [9]. As we see from Fig. 1 the allowed region in the m0 -M1/2 plane
expands only slightly, if the annihilation cross section of χ˜ into inert Higgs bosons and inert
higgsinos is sufficiently suppressed.
Next we discuss the case that the fermions in the inert Higgs sector are lighter than χ˜,
and make therefore the following assumption on the mass hierarchy:
Mξ˜0i
, Mξ˜+ < Mχ˜ < mξ0R,Ij , mξ+k
. (22)
6
0 500 1000 1500 2000 2500 3000 3500
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FIG. 1: The allowed region in the m0 -M1/2 plane. For the green area the relic density Ωχ˜h2 is assumed to vary from zero
to 0.11. The red area corresponds to Ωχ˜h
2 = 0.1126± 0.0036 [9]. We have computed Ωχ˜h
2 using the package “micrOMEGAs”
[33] with a set of the input parameters: A0 = 0, tanβ = 10 and sign(µH ) = +. Included are the constraints coming from the
stau LSP, the electroweak symmetry breaking and the LEP chargino mass limit. (See the comment of footnote 3.)
The annihilation cross section σξ˜ of ξ˜(= ξ˜
0
1) can be obtained from that of the higgsino-
like χ˜ of the MSSM. The diagrams are shown in Fig. 2. As in the case of the MSSM
σξ˜ tends to be large if ξ˜ is η˜-like, where the diagrams (a), (b), (c) and (d) in Fig. 2 are
dominant, if the scalar partner N˜C of the right-handed neutrino is much heavier than Z.
Under this assumption the only possibility to suppress σξ˜ is to increase the φ˜ content in ξ˜
as we have discussed above. Note that the relic density Ωξ˜h
2 is inversely proportional to
(|C˜011|2 + |C˜021|2)2 = (1− |C˜031|)2 (if we neglect the contribution (e) in Fig. 2), where C˜0ij are
defined in (20). We have computed Ωξ˜h
2 for C˜031 = 0 with a representative set of the fixed
values of the parameters as tanβ = 10, Mξ˜ = 120 GeV, and found Ωξ˜h
2 ∼ 10−3, where Ωξ˜h2
depends only very weakly on m0 and M1/2. So, for a wide range of mixing of η˜
u0,d0 and φ˜
the relic density Ωξ˜h
2 is much smaller than the observed value.
If Mξ˜ +Mχ˜ > mξ is satisfied, where mξ is the mass of the lightest inert Higgs boson ξ
(either ξ0R1 or ξ
0
I1), then it is stable despite (22): Its decay is kinematically forbidden, and
so it can be a dark matter particle (third dark matter), too 4. In Refs. [34, 36] the feature
of the inert Higgs boson dark matter was studied in detail for non-SUSY models. It turned
out [36] that to obtain a realistic relic density its mass has to be either very small (<∼ 80
GeV) or very large (>∼ 500 GeV) and the relic density is smaller than 0.02 between 100 GeV
and 300 GeV 5 (see also [37]). As we will see, this range of mξ is particularly interesting,
because we can expand the allowed range in the m0 -M1/2 plane considerably.
Keeping this in mind we turn to the relic density of χ˜. As the assumption (22) indicates χ˜
dark matter particles can annihilate into ξ˜0i ξ˜
0
j and ξ˜
+ξ˜+, as shown in Fig. 3, which contribute
4 Multi-component dark matter has been discussed e.g. in [35].
5 The extra SUSY contributions, ξ + ξ → χ˜+ χ˜, ξ˜ + ξ˜ etc., even decrease the relic density.
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FIG. 2: Annihilation diagrams of ξ˜.
to the relic density Ωχ˜h
2. The MSSM part is the same as in the MSSM, so that for the case
of the higgsino-like χ˜ the dark matter mass Mχ˜ should be O(1) TeV to obtain Ωχ˜h2 = 0.11.
For a bino-like χ˜, the contributions from the MSSM sector to the annihilation cross section
σχ˜ is indeed too small. But σχ˜ can increase through the diagrams of Fig. 3 (b) in the
inert Higgs sector. This indicates that the parameter space of the MSSM sector in this
region can be relaxed. This is what we would like to see below. To this end we make
further approximation: As we see from Table III we can always choose Bη such that the
contributions to the annihilation mediated by the exchange of the heavier ones are negligibly
small compared with those mediated by the exchange of the lighter ones. Furthermore,
ξ0R,I2(≃ φR,I) is not coupled with a gaugino-like χ˜. Therefore, the relevant part of the
Lagrangian can be written as
Leff = g
2
{
(N12 + tWN11) χ˜ ξ˜
+ (ξ+1 )
∗ + (−N12 + tWN11) χ˜[ (C˜01i)∗ PL + C˜02i PR ]ξ˜0i ξ01 + h.c.
}
− g
2cW
{
(1− 2s2W )ξ˜+γµξ˜+ −
1
2
[(C˜01i)
∗C˜01j − (C˜02i)∗C˜02j ] ξ˜0i γµPLξ˜0j
+
1
2
[C˜01i(C˜
0
1j)
∗ − C˜02i(C˜02j)∗] ξ˜0i γµPRξ˜0j
}
Zµ , (23)
where PR
L
= (1± γ5)/2, ξ01 = (ξ0R1 + iξ0I1)/
√
2, tW = tan θW , C˜
0
ij are defined in (20), and the
mixing parameters N11(N12) is the bino (wino) content in χ˜, respectively. To proceed we
make use of the fact that the relic density is inversely proportional to the annihilation cross
section, and approximate the inverse of Ωχ˜h
2 as
1
Ωχ˜h2
≃ 1
ΩMSSMh2
+
1
ΩEXTRAh2
, (24)
where ΩMSSMh
2 is the relic density of χ˜ computed without including the diagrams of Fig. 3,
while ΩEXTRAh
2 is computed only with the annihilation processes of Fig. 3. The approxima-
tion becomes better if one of Ωh2’s is dominated. We compute ΩMSSMh
2 using the package
8
“micrOMEGAs” [33], and ΩEXTRAh
2 analytically using the approximate formula given in
[10].
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FIG. 3: Annihilation diagrams of χ˜χ˜→ ξ˜+ξ˜+, ξ˜0i ξ˜
0
j .
According to [10] we expand the relativistic cross section σ(χ˜χ˜→ ξ˜+ξ˜+, ξ˜0i ξ˜0j ) in powers
of their relative velocity v, σ(χ˜χ˜→ ξ˜+ξ˜+, ξ˜0i ξ˜0j )v = aEXTRA + bEXTRAv2. We then use [10]
ΩEXTRAh
2 ≃ 2.82× 108
[
Mχ˜
GeV
]
Y∞ , (25)
where
Y −1
∞
= 0.264MPLMχ˜g
1/2
∗
(aEXTRA/xf + 3bEXTRA/x
2
f ) , (26)
MPL = 1.22 × 1019 GeV is the Planck mass, g∗ ≃ 90 and xf = Mχ˜/T is the inverse
dimensionless freeze-out temperature. The quantities aEXTRA and bEXTRA are found to be
aEXTRA =
∑
ξ˜+ ξ˜+, ξ˜0
i
ξ˜0
j
4G2Fm
4
W
√
1−M2
ξ˜
/M2χ˜
π
(
m2ξ −M2ξ˜ +M2χ˜
)2
(
M2
ξ˜
(w1 + w4) + w2M
2
χ˜ + w3Mξ˜Mχ˜
)
, (27)
bEXTRA =
∑
ξ˜+ ξ˜+, ξ˜0
i
ξ˜0
j


G2Fm
4
W
√
1−M2
ξ˜
/M2χ˜
6π
(
M2χ˜ −M2ξ˜
) (
m2ξ −M2ξ˜ +M2χ˜
)4
4∑
i=1
wiBi
+
2G2Fm
4
Z
√
1−M2
ξ˜
/M2χ˜(N
2
13 −N214)2(M2ξ˜ + 2M2χ˜)
3π
(
16M4χ˜ − 8M2χ˜m2Z +m4Z + Γ2Zm2Z
) w5

 , (28)
B1 = (M
2
ξ˜
−M2χ˜)2(13M4ξ˜ − 10M2χ˜M2ξ˜ + 16M4χ˜) +m4ξ(13M4ξ˜ − 26M2χ˜M2ξ˜ + 16M4χ˜)
+m2ξ(−26M6ξ˜ + 70M2χ˜M4ξ˜ − 44M4χ˜M2ξ˜ ) , (29)
B2 = (M
2
ξ˜
−M2χ˜)2(6M4ξ˜ + 17M2χ˜M2ξ˜ − 4M4χ˜) + 3m4ξ(2M4ξ˜ − 5M2χ˜M2ξ˜ + 4M4χ˜)
−2m2ξ(6M6ξ˜ − 13M4χ˜M2ξ˜ −M2χ˜M4ξ˜ + 8M6χ˜) , (30)
B3 = Mξ˜Mχ˜
[
3m4ξM
2
ξ˜
+ 19M2
ξ˜
(M2
ξ˜
−M2χ˜)2+m2ξ(−22M4ξ˜ + 62M2χ˜M2ξ˜ − 40M4χ˜)
]
, (31)
B4 = M
2
ξ˜
[
(21M2
ξ˜
− 2M2χ˜)(M2ξ˜ −M2χ˜)2 − 3m4ξ(6M2χ˜ − 7M2ξ˜ )
−6m2ξ(7M4ξ˜ − 17M2χ˜M2ξ˜ + 10M4χ˜)
]
, (32)
where for the annihilation processes χ˜χ˜→ ξ˜+ξ˜+
w1 =
1
32
(N12 + tWN11)
4 =
w2
2
=
w3
4
= w4 , w5 =
1
16
(1− 2s2W )4 , (33)
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and for χ˜χ˜→ ξ˜0i ξ˜0j
w1 =
1
32
(−N12 + tWN11)4 = w2
2
=
w3
4
= w4 , w5 =
1
16
. (34)
To simplify the situation we have assumed that all the inert higgsinos have the same mass
as ξ˜ (i.e. Mξ˜ = Mξ˜0
1
≃ Mξ˜0
2
≃ Mξ˜0
3
≃ Mξ˜+) and the light inert Higgs bosons also have the
common mass mξ (i.e. mξ = mξ0
R1
≃ mξ0
I1
≃ mξ+
1
). In this limit the mixing parameters can
be approximated as C˜01i = (i, 1, 0)/
√
2 , C˜02i = (−i, 1, 0)/
√
2.
FIG. 4: The allowed region in the m0 -M1/2 plane for mξ > Mχ˜ > Mξ˜ = 120 GeV with A0 = 0, tan β = 10 and
sign(µH ) = +, where we have used: sin
2 θW = 0.23, mW = 80.4 GeV, GF = 1.17× 10
−5 GeV−2. In the actual calculation of
Ωχ˜h
2, we have approximated that all the inert higgsinos have the same mass as ξ˜ (i.e. Mξ˜ =Mξ˜0
1
≃Mξ˜0
2
≃Mξ˜0
3
≃Mξ˜+ ) and
the light inert Higgs bosons also have the common mass mξ (i.e. mξ = mξ0
R1
≃ mξ0
I1
≃ m
ξ+
1
). The constraints coming from
the stau LSP, the electro-weak symmetry breaking and the LEP chargino mass limit are included, and the dashed line is the
recent LHC limit [7]. (See the comment of footnote 3.).
Now we present the calculation of Ωχ˜h
2. In Fig. 4 we plot the allowed region in the
m0 -M1/2 plane. We have obtained the allowed region for mξ > Mχ˜ > Mξ˜ = 120 GeV with
tan β = 10. The allowed region in Fig. 4 should be compared with that in Fig. 1, which is
obtained under the assumption that the annihilation cross section of χ˜ into the inert Higgs
sector is sufficiently suppressed. The mass values of mξ and Mχ˜ giving the green area of
Fig. 4, except the area along the left and right border lines, are shown in Fig. 5. (Mξ˜ is fixed
at 120 GeV.) We see thatmξ is smaller thanMχ˜+Mξ˜ in this area so that the lightest neutral
inert Higgs boson is a dark matter particle, too. As we mentioned, the feature of the inert
Higgs boson dark matter was studied in Refs. [34, 36]. In our case mξ varies from 160 to 220
GeV (see Fig. 5). Using their results, we find that the contribution of the inert Higgs boson
10
100 120 140 160 180 200 220 240
Mχ [GeV]
120
140
160
180
200
220
240
m
ξ [
Ge
V]
~
FIG. 5: The region in the Mχ˜ -mξ plane for Mξ˜ = 120 GeV, which gives the green area of Fig. 4 except the area along the
left and right border lines.
dark matter to the relic density 0.11 is at most 15%, where the extra SUSY contributions,
ξ + ξ → χ˜+ χ˜, ξ˜ + ξ˜ etc., are not taken into account. These extra contributions can be as
large as that without them. We roughly estimate that dark matter consists more than 90%
of χ˜ in the most of the green area of Fig. 4. The area along the left and right border lines
is the area very closed to the red line of Fig. 1. In this area mξ > Mχ˜ +Mξ˜ is satisfied, and
the annihilation cross section for χ˜χ˜→ ξ˜+ξ˜+, ξ˜0i ξ˜0j is very small, implying that dark matter
consists almost 100 percent of χ˜ in this area.
If the masses mξ, Mχ˜ and Mξ˜ are very close, there can be co-annihilations among the
dark matter particles. We see from Fig. 5 that there exists a small region where Mχ˜ ≃ Mξ˜
and mξ ≃ Mχ˜ are satisfied, respectively. For these regions, co-annihilation processes such as
χ˜+ ξ˜ → ξ0R1+Z, χ˜+ ξ0R1 → ξ˜+Z may become possible. Indeed, mξ and Mχ˜ are degenerate
in the area close to the upper borderline of the green region in Fig. 4, while Mξ˜ and Mχ˜ are
degenerate in the area close to the lower borderline. So, one should take into account the
effects of the co-annihilation processes. However, we have ignored them in Fig. 4, because
these effects will change only the narrow area close to the borderlines and not the gross
structure of the allowed region in Fig. 4.
There will be some differences in direct and indirect searches of dark matter. Let us make
a few comments on this, where the details will be published elsewhere. We recall that the
direct rate is proportional to the relic density, while the indirect rate is proportional to the
square of the relic density. Therefore, indirect search of the inert Higgs boson dark matter
suffers from a suppression factor of at least 0.12 (∼ 10−6 in the case of the inert higgsino dark
matter). At first sight, indirect detection rate of the dark matter χ˜ seems to be suppressed
compared with the case of the CMSSM, because the higgsino portion of χ˜ is very small in
the green area of Fig. 4 except on the left and right border lines. However, annihilation not
only into the neutral ξ˜’s, but also into the charged ξ˜+’s is possible, and this rate is large.
So, indirect detection of χ˜ has to be carefully studied.
Direct detection of ξ suffers from a suppression factor of at least 0.1. Using the result of
11
[36] we may conclude that direct detection of ξ in the mass range in question, i.e. 160 GeV <∼
mξ <∼ 220 GeV, does not need to be discussed. As for direct detection of χ˜ the spin-dependent
cross section with the nuclei is much smaller than in the case of the CMSSM, because the
higgsino portion of χ˜ is small in the most of area of the green region of Fig. 4. Instead,
the spin-independent cross section with the nuclei is of the same order as in the case of the
MSSM. The relatively large coupling of χ˜ to the inert Higgs sector does not change the cross
section with the nuclei.
So our conclusion is that the allowed region in them0 -M1/2 plane is considerably enlarged,
if the inert higgsinos are lighter than χ˜, although the dominant component (>∼ 90%) of dark
matter is χ˜. There is a wide allowed region even above the LHC limit (dashed line in Fig. 4)
[7]. Direct and indirect searches of dark matter are slightly different compared with the
cases of the CMSSM. We will leave the analysis for our future project.
At last we would like to emphasize that the radiative seesaw model of Ma [16] is a two-
Higgs-doublet model with a specific structure of the Higgs sector (see e.g. [34, 36, 38] and also
[39]), which is intimately related to the neutrino mass and mixing and indirectly to the lepton
flavor violations. Furthermore, in supersymmetric case, the Yukawa terms λu(d)Hd(u)ηu(d)φ
along with the corresponding A-terms will contribute to the radiative correction to the Higgs
mass [40] so that the upper bound on the lightest Higgs mass will change. In the light of
the recent LHC results [41] the computation of the upper bound is important for the model,
although it is not directly related to the problem of dark matter. Therefore, more detailed
investigations of the Higgs sector of the present model along this line will be included to our
future study.
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